A three-dimensional numerical analysis of heat and mass transfer during cooling of automotive fluids, including automatic transmission fluid, ethylene glycol, and water is performed in a multiport serpentine minichannel heat exchanger. The simulations are carried out with eight CPUs having 64GB of RAM using ANSYS FLUENT version 14.5, a finite volume method based commercial CFD code. Three-dimensional double precision pressurebased absolute velocity formulation with parallel processing is utilized. Air inlet temperature of 14°C and mass flow rate of 507g/s are used to cool the hot working liquids having temperature of 76°C. Both Two different flow rates of working liquids: constant mass flux of 1423kg/m 2 .s and constant Reynolds number of 200 are considered in current study. Thermal and flow fields during the cooling process all over the MICHX and different channels are determined. Furthermore, the entrance effect on mass and heat transfer are studied. Distribution of flow, as well as heat transfer is found to be more uniform for ATF with compared to ethylene glycol and water. It is also observed that entrance effect on mass flow rate of water is more obvious than other two working liquids.
Introduction
Uniform flow distribution is a desirable field in numerous engineering devices, such as solar thermal collectors, fuel cells, heat sinks for cooling electronic devices, and more [1] . In cooling electronic chips, a nonuniform flow distribution in microchannel heat sinks can cause nonuniform heat transfer situation and produce undesirable temperature gradients which guide to lower performance [2] .The financial and environmental issues in current industry consign the needs for system compactness and further performance improvement. Minifluidic devices have several advantages over traditional larger scale systems. Generally, the most important aspect of compact systems is the large surfaceto-volume ratio that results in high heat and mass transfer efficiencies, makes it possible to enhance heat transfer with relatively low fluid flow rate [3] . The small dimensions and slab type mini-channel devices also provide safe operation with highly reactive or hazardous products. Numerical simulations have also been used to investigate the effect of geometrical parameters of a microstructure on flow uniformity [1] .
The degree of flow uniformity that can be attained pertains on how small the pressure drop in the channels in comparison with the pressure drop in the manifold is [4] . The effect of Reynolds number on flow distribution was investigated by numerous researchers [1] , [5] [6] [7] . The effect of microchannel structures with triangular and trapezoidal manifolds on flow distribution uniformity, have been conducted by several examiners [8] . In the area of heat transfer and fluid flow characteristics, channel geometry, hydraulic diameter, and channel orientation are imperative parameters [9] [10] . Numerical modeling was used by Mohammadi et al. (2013) to quantitatively investigate the effect of the geometry of the right triangular manifold and the dimensions of microchannels on desired uniformity and pressure drop [11] . The simulations were performed within the low-Reynolds number of 5≤Re≤25. Studies have also been performed on the effect of inlet configuration on distribution of airwater annular flow in a header of a parallel flow heat exchanger, and found that besides the inlet direction, several parameters as well as both flow and geometric, will influence the flow distribution in a parallel flow heat exchanger [12] [13] . It is found that performance reduction by flow mal-distribution can be as large as 20% [14] . Pressure drop in a MICHX impacts the heat transfer, operation, size, mechanical characteristics, and economic considerations; it entails the improvement of heat transfer and minimization of pressure drop [15] . If the pressure drop is small, laminar flow is overcome, yielding low thermal resistance. On the other hand, when the pressure drop is large, optimal thermal resistance is created in the turbulent region [16] .
The hydraulic diameter is not an appropriate geometric modeling parameter. The annular geometry yields to a lower pressure drop than the trefoil geometry for the same hydraulic diameter [17] . The relationship between the ratio of length to diameter (L/D) with tube number of 10, 20, 30, 40, 50 of shell and tube heat exchangers and deep heat transfer were studied by Jiang and Deng (2011) [18] . Their results showed that heat transfer performance decreases and pressure drop increases with the decrease of L/D, and critical point of deep heat transfer state is achieved when L/D is at some point between 3.08 and 4.62. One common assumption typically made in the design and analysis of heat exchangers is that fluid properties are independent of temperature. Nevertheless, a number of a fluid's physical properties may have significant variations with temperature. For liquids, only the temperature effect on viscosity is significant [19] . Gao et al. (2002) [20] experimentally studied on scale effects in twodimensional mini-and micro-channels with channel height of 0.1 to 1 mm and found that the conventional laws of hydrodynamics and heat transfer can be applied to channels with height of 0.4 mm and greater.
It is seen that many investigations on single phase heat transfer and flow distributions in minichannels have been conducted. However, the study on uniformity of mass and heat transfer in multi-port MICHX slab is rare in open literature. Therefore, in current study, threedimensional numerical simulations are performed for cooling of ATF, ethylene glycol, and water to predict the uniformity of heat and mass transfer distribution in circular minichannels.
Numerical Method
The three-dimensional (3D) numerical simulations are performed using ANSYS FLUENT 14.5, a widely used commercial CFD code of finite volume method (FVM). This method consists of the discrete approximation of the volume and surface integrals of the Navier-Stokes equations in steady state [21] .
The computations are carried out with eight CPUs having 64 GB random access memory. Number of steps, including geometry modeling, mesh generation, and simulations are conducted very carefully in order to perform an accurate study on fluid flow and heat transfer analysis. In order to match with the real world situation, both laminar and turbulent flow through the channels and headers are taken into account for channels and headers; however, only turbulent flow is considered for the air flow. It is anticipated to choose an appropriate turbulent model to solve the heat transfer and fluid flow problems. Standard k-ε model is used in this study. A brief description of each step is mentioned in this section.
Computational Domain
The computational domain and meshes of the model are generated using Gambit 2.4.6. The computational domain of the MICHX test specimen with the test chamber is shown in Figure 1 .
The MICHX used in the current study consists of two slabs with one serpentine bend. There are 68 channels of 1mm diameter (each) inside the slab as shown in Figure 2 . The channels are numbered from 1 to 68 based on the direction of the air flow. Thus channel 1 refers to the first channel that is the first to the air inlet, and the channel 68 is the last. On other words, channel 68 refers to the first one from the liquid inlet, while channel 1 refers to the last. 
Mesh
The physical model is very complex, and it is very difficult to generate a single structured mesh in the entire domain. Therefore, the whole domain is divided into several sub-domains and discretized with the unstructured tetrahedral elements.
Governing Equations
The Navier-Stokes and energy equations are used to compute steady incompressible 3D fluid flow and forced convective heat transfer process. where, ‫ܩ‬ , ‫ܩ‬ , ܻ ெ , ߪ , and ܵ represent the generation of turbulence kinetic energy (݇) due to the mean velocity gradients, the generation of ݇ due to buoyancy,the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate,the turbulent Prandtl numbers for ݇, and the user-defined sources respectively. Based on the assumptions, the simplified form of the turbulent kinetic energy equation is The turbulent viscosity, ߤ ௧ is computed by combining ݇ and ߝ as
Continuity or mass conservation equation
where ‫ܥ‬ ఓ is a constant.
Boundary Conditions
The following boundary conditions are applied for the computational domain:
• Inlet working fluids: Mass flow rate and temperature are specified.
• Outlet liquids air: Outflow boundary condition is specified.
• Serpentine, inlet and outlet manifolds, and headers: Zero heat flux is specified.
• Walls: wall the boundary condition is specified.
Model Verification
With the purpose of ensuring the accuracy and consistency of the model, a grid dependence study is performed to be confirmed that the grid is fine enough to accurately capture the fluid flow and heat transfer parameters. Four different grid systems are created, and the numerical results are compared for numerical results. The grid system of about 5.45x10 6 cells is finally considered for all of the numerical simulations because the deviations in both heat transfer rate and pressure drop are found to be less than 3%. Furthermore, the overall errors in mass balance and heat balance are found in a range of ±0.04% and ±1.03% respectively, which are very acceptable. The model was also validated with the experimental results and presented in previously published paper [22] . Therefore, the model may be considered as accurate and consistent. One can rely on the results obtained from the numerical simulations and can be used for research on the heat transfer and fluid flow behaviors in MICHX.
Results and Discussions
The numerical simulations are performed at constant inlet liquid temperature of 76 o C and air temperature of 14 o C. Three different hot liquids, such as ATF, ethylene glycol, and water of a constant mass flux of 1423kg/m 2 .s are cooled by constant air flow rate of 0.507kg/s. In order to closely study the uniformity of the flow and thermals fields all over the MICHX, the distribution of mass flow rates, dimensionless temperature, pressure drop, heat flux, and heat transfer coefficient are carefully examined in individual channel. Simulation results for different liquids are discussed in this section.
Temperature Distribution throughout the MICHX
The temperature contours of ATF, ethylene glycol, and water are shown in Figure 3 . The figure shows that for a constant mass flux, overall temperature drop in ATF is the highe water is the lowest. As the liquids are moving forward along the length of the slab, their temperature are gradually decreasing. As expected, the temperature at the air inlet side is higher than that of air outlet side and most of temperature drop occurs at the top slab.
Distributions of Mass Flow Rate in Different Channels
The distribution of mass flow rate of liquids through the individual channel in the MICHX slab for a constant liquid mass flux of 1423 kg/m 2 .s are shown in Fig   Figure 4 . Distribution of mass flow rates of working Results show that the flow distribution for highly viscosity fluid, such as ATF is more uniform than the low viscosity fluid, such as water. Results mass flow rate of liquid is higher in the channels closer to the liquid inlet port compare to the channels far from the inlet port. It is noticeable that the mass flow rate of liquids in channel 68, which is the close inlet port, is less than those in onward flow rate increase gradually and reaches in its maximum value just after a few channels. effects in mass flow rate are higher for water glycol than ATF.
Variations of Dimensionless T ‫܂∆(‬ ܑ ‫܂∆/‬ ‫ܠ܉ܕ‬ ) in Different Channel
The dimensionless temperature of liquids are calculated by ∆ܶ /∆ܶ ௫ , where ∆ܶ = ܶ , ܶ , − ܶ , . As ܶ , and ܶ , current study, ∆ܶ /∆ܶ ௫ depends on result, higher dimensionless temperature implies the higher temperature drop of the liquid.
The distributions of dimensionless temperature of different liquids in different channels for a constant liquid mass flux of 1423 kg/m 2 s, in the MICHX slab are shown in Figure 5 . It is evident from the figure that temperature drop occurs in the channel 1, which is the closest channel from the direction of the air cross The maximum deviations in ∆T between channel channel 68 are found to be 2.7 water, ethylene glycol, and ATF shows that ∆ܶ /∆ܶ ௫ is the highest lowest for water. It refers that the ATF becomes faster than the other two fluids.
Pressure Drop in Different
Fiqure 6represents the variations of pressure drops for different working fluids inside the c Results show that the flow distribution for highly h as ATF is more uniform than the low Results also show that the mass flow rate of liquid is higher in the channels closer to the liquid inlet port compare to the channels far from the that the mass flow rate of liquids in channel 68, which is the closest channel to the liquid is less than those in onward channels. The mass flow rate increase gradually and reaches in its maximum
In addition, the entrance effects in mass flow rate are higher for water and ethylene
Variations of Dimensionless Temperature Channels
The dimensionless temperature of liquids are calculated − ܶ ,௨௧ and ∆ܶ ௫ = are kept constant in the depends on ܶ ,௨௧ only. As a higher dimensionless temperature implies the of the liquid. of dimensionless temperature of channels for a constant liquid s, in the MICHX slab are shown
Variations of dimensionless temperature of different channels
It is evident from the figure that the maximum temperature drop occurs in the channel 1, which is the direction of the air cross-flow. ∆T between channel 1 and 2.7Ԩ, 2.5Ԩ, and 3Ԩ for respectively. It is obvious from the figure that for same mass flux of 1423kg/m 2 .s, the pressure drop for ATF is extreamly higher than the pressure drop for ethylene glycol and water.
Variations of Heat Flux in Different Channel
The heat flux of liquids, ‫ݍ‬ሶ in individual channel is computed as
where ݉ሶ , ‫ܥ‬ ‫ܣ,‬ ௦ , and ∆ܶ represent the mass flow rate in kg/s, mean specific heat capacity in j/kg.K, area in m 2 , and temperature difference between inlet and outlet liquid of individual channel.
For a constant liquid mass flux of 1423kg/m liquid-side heat flux is presented in Figure 7 . Figure 7 .Variations of heat fluxes of different working liquids in 68 channels
It is clear that the heat flux gradually decrease direction of the air cross-flow.The mal-distribution of heat flux of water more obvious than ethylene glycol and ATF. In a paticular channel, the highest heat flux is obsered in water, and the lowest in ATF.
Heat Transfer Coefficient of Liquids in Channels
The heat transfer coefficient of liquids, ݄ channel is calculated as ressure dropof working liquids in different for same mass flux the pressure drop for ATF is extreamly higher than the pressure drop for ethylene glycol and As expected, the heat transfer coefficient of water is found to be the best and that of ATF is the uniformity of heat transfer coefficient is observed in water because of its mal-distribution of mass flow rate also one of the consequences of thermophysical properties, especially viscosity and its high dependency on temperature.
Conclusion
In current study, 3D numerical simulations are performed to investigate the uniformity of mass flow and heat transfer distribution in different channels of minichannel heat exchanger slab for cooling of ATF, ethylene glycol, and water. A grid independency heat balance are carried out for the verification of the model to ensure the accuracy and consistency of the numerical results.
For a specified liquid mass flux of 1423kg/m following conclusions are made f results obtained from simulation:
1-Distribution of mass flow rate, temperature drop, heat flux, as well as heat transfer coefficient in different channels of the MICHX slab is more uniform in ATF than ethylene glycol and water. 2-Entrance effect is more signific negligible for ATF, especially for laminar flow regime. 3-The best heat transfer flux transfer coefficient is found in water, while the worst is observed in ATF 4-Temperature distribution throughout the MICHX slab is found to be higher in the top slab than bottom slab.
ሶ ܶ
temperature difference between mean temperature and inner surface of individual channel.
shows the variations of the heat transfer different channels for a constant
Variations of heat transfer coefficients of 68 channels
As expected, the heat transfer coefficient of water is est and that of ATF is the worst. Nonuniformity of heat transfer coefficient is observed in water distribution of mass flow rate. This is also one of the consequences of thermophysical properties, especially viscosity and its high dependency In current study, 3D numerical simulations are performed to investigate the uniformity of mass flow and heat transfer distribution in different channels of minichannel cooling of ATF, ethylene glycol, and water. A grid independency and errors in mass and heat balance are carried out for the verification of the to ensure the accuracy and consistency of the For a specified liquid mass flux of 1423kg/m 2 .s, following conclusions are made from the analyses of Distribution of mass flow rate, temperature drop, heat flux, as well as heat transfer coefficient in different channels of the MICHX slab is more uniform in ATF than ethylene glycol and water. Entrance effect is more significant for water; it is negligible for ATF, especially for laminar flow flux as well as the heat found in water, while the ATF. Temperature distribution throughout the MICHX found to be higher in the top slab than 5-Higher temperature drop is observed for ATF than ethylene glycol and water. 6-Pressure drop in ATF is found to be extremely higher than ethylene glycol and water.
